In pervasive and ubiquitous learning, a learner should be able to freely perform an educational activity possibly cooperating and/or collaborating with others using multiple devices and networks as he moves in an environment. The educational activity should be able to be performed by various types of learners and to operate on various devices, networks and environments. Correspondingly, the devices and the networks should be able to support various types of learners and to operate various educational activities in any environment. In order to provide adaptive context-aware pervasive and ubiquitous learning, an adaptation engine senses the context and produces adapted educational activity and infrastructure. This paper defines the context to consist of the learner state, the educational activity state, the infrastructure state and the environment state. Furthermore, it comprehensively describes each one of the states.
Introduction
Mobile phones are extensively used in every day life, mostly for phone calls and short message service (SMS) (Economides and Grousopoulou, 2008) . Educational institutes are also starting to exploit mobile devices and networks for learning and management. As most students already possess handheld devices, several educational institutes are using wireless technology to deliver and support mobile learning (Davies, 2003; Waycott and of information about a user can simultaneously be relevant to a given adaptation decision (Tamminen et al., 2004) . Context can be externally-imposed, externally-induced or internally-induced (Hill, 2007 ). An ontology-based context model considered time, place, user knowledge, user activity, user environment and device capacity (Bouzeghoub et al., 2007) . In parallel, a situation model gave a view on the context model describing temporal properties. It was argued that the following context parameters should be taken into consideration: variety, priority, granularity, implementation and cost-effectiveness (Bayoumi, 2007 ). An essential issue in pervasive computing is related to data gathering techniques about the context (Roibas, 2007) . Furthermore, it has been argued that a context-aware mobile learning system should also take into consideration the learner's willingness to participate in the proposed learning activity (Bhaskar and Govindarajulu, 2008) .
Several architectures for context-aware applications have been proposed (Dey, 2001; Jameson, 2001; Petrelli et al., 2001; Indulska and Sutton, 2003; Lonsdale et al., 2003; Biegel and Cahill, 2004) . However, implementing such systems on a large scale is not free from obstacles (Raisinghani et al., 2004) . Building adaptive educational systems that adapt to different learning characteristics is not an easy task (Kay, 2001) . Open research questions include on how to identify the relevant learning characteristics, to model the learner or to change the learning environment for users with different learning characteristics. It is known that learner's characteristics (e.g., cognitive style of learning) actually influence his performance (e.g., navigational behaviour in the training module) (Souto et al., 2002) . Educational, socio-cultural, economical and technical requirements for mobile learning applications have been defined (Economides, 2008a) . Contract-based adaptive software architecture (CASA) provided a framework for the development of adaptive applications that were able to adapt their functionality and/or performance dynamically in response to runtime changes in their execution environments (Mukhija and Glinz, 2004) . A mechanism to support adaptation in m-learning systems proposed activities to a user depending on: 1 the user's features, learning style, preferences or previous actions 2 his partners' features, learning styles, preferences or previous actions 3 his specific context at that time (location, idle time, devices) 4 the specific context of his partners at that time (Martin et al., 2006 ). An ontology-based framework for context-aware mobile learning has been proposed by Berri et al. (2006) . A rule-based ontology is driven by the learner's profile to contextualise learning content accordingly. Then, a search agent searches a set of learning objects for feasible learning objects. Context-aware social presence mechanisms would support a learner in formal locations (e.g., classroom, scheduled computer laboratory sessions), semi-formal locations (e.g., libraries, walk-in laboratories) and informal locations (e.g., residences) (Kekwaletswe and Ngambi, 2006) . Instant messaging would provide the learner with continuous access to social networks. A three-tier web-based architecture has been proposed for context-aware m-learning (Basaeed et al., 2007) . The client tier corresponds to the learning device which supports a web browser and internet connectivity. The middle tier consists of context sensing, context reasoning and context-aware delivery. It is connected to resources using web services. The third tier consists of the learner profile, device profile, connectivity profile, ontologies and learning objects. Similarly, 'SmartContext' was an ontology based context model which included a standardised context template, a context reasoning ontology and a context middleware (Hu and Moore, 2007) . The following types of context were considered: personal, task, role and spatio-temporal.
Several standardisation efforts have been undertaken regarding learner models and learning objects: IEEE personal and private information (PAPI), IEEE WG1 learning technology systems architecture (LTSA), IEEE learning object metadata (LOM), ADL Sharable Content Object Reference Model (SCORM, http://www.adlnet.org) and IMS learner information package (LIP). The IEEE PAPI (http://ltsc.ieee.org) consists of the following six categories of information about a learner: personal, relations, security, preference, performance and portfolio information. The IMS LIP (http://www.imsglobal.org) consists of the following 11 categories of information about a learner: identification, goal and qualifications, certifications and licenses (QCL), activity, interest, competence, accessibility, transcript, affiliation, security key and relationship. In the IEEE 1484.12.1 standard, the LOM includes multimedia content, instructional content, learning objectives, instructional software and software tools and persons, organisations or events referenced during technology supported learning (IEEE LOM, http://ltsc.ieee.org). LOM groups the elements that are used to describe a learning object into nine categories: general, lifecycle, meta-metadata, technical, educational, rights, relation, annotation and classification.
Most previous studies on adaptive learning proposed to adapt the interface, the learning flow or sequencing, the content (Burgos et al., 2006) or even the exams (Economides and Roupas, 2007; Triantafillou et al., 2008a Triantafillou et al., , 2008b . The learner would choose the learning tools and companion learners, on-demand learning of various types, control over the elements of the systems and the possibility of controlling the amount of control (Kay, 2001) . Next, previous studies on learning adaptation are briefly presented.
Content and course adaptation has received much attention (e.g., Vassileva, 1998; Healey et al., 2002; Brusilovsky and Vassileva, 2003; Tretiakov and Kinshuk, 2004; Joy, 2007a, 2007b) . Dynamic course generation (DCG) allowed automatic generation of individualised courses according to the learner's goal and previous knowledge and adapted the course according to the learner's success in acquiring knowledge (Vassileva, 1998; Brusilovsky and Vassileva, 2003) . Content was adapted to the device and modality of a user's preference (Healey et al., 2002) . Content was adaptively structured for access via mobile devices, accounting for variations in communication channels, end-user device capabilities and user profiles (Tretiakov and Kinshuk, 2004) . The architecture of a context-aware schedule tool for learning Java was proposed (Yau and Joy, 2007a) . The appropriate learning objects were selected according to the learner's preferences (e.g., learning style, learning priorities and knowledge level) and contextual features (e.g., level of concentration, location and time). A context-aware system consisting of three components was proposed by Yau and Joy (2007b) . A learning schedule supported the student's daily routines. A learning style adaptation module adapted the activities to the student's learning style. A context adaptation module identified the current student's context (e.g., location, time available and noise level) and then recommended appropriate learning activities accordingly.
Presentation adaptation has also received some attention (e.g., Vassileva, 1998; Kurzel et al., 2002; Wang et al., 2004; Klett, 2005; Kelly and Tangney, 2006) . Generic tutoring environment (GTE) adapted the presentation of the content (Vassileva, 1998) . Content was presented in a variety of ways based on both student prior competencies (pre-requisite knowledge and skills) and preferences (Kurzel et al., 2002) . The presentation was adapted to facilitate learners' spatial reasoning on geometric topics (Wang et al., 2004) . Multiple representations of complex or hidden subjects were also used (Klett, 2005) . Different adaptive presentation strategies were used for students with different learning activities (Kelly and Tangney, 2006) . Navigation and sequencing adaptation reasonably received much attention (e.g., Eklund and Brusilovsky, 1998; Brusilovsky et al., 1998; Weber and Brusilovsky, 2001; Herder and van Dijk, 2002; Carchiolo et al., 2002; Brusilovsky and Vassileva, 2003; Faraco et al., 2004; Albano et al., 2006 Albano et al., , 2007 . Link annotation was adapted to the individual user in order to help him find an appropriate path in a learning space . Guidance and navigation in InterBook (an authoring tool for developing adaptive electronic textbooks on the web) were adapted to the user ). Episodic learner model-adaptive remote tutor (ELM-ART) provided adaptive navigation support, course sequencing, individualised diagnosis of student solutions and example-based problem-solving support (Weber and Brusilovsky, 2001) . Navigation support was adapted to device characteristics (such as screen size, interface design and means of interaction) and its context of use (Herder and van Dijk, 2002) . The knowledge path that a student should follow was adapted according to his needs and capabilities (Carchiolo et al., 2002) . Concept-based courseware analysis (CoCoA) checked the consistency and quality of a course at any moment of its life and assisted course developers in some routine operations (Brusilovsky and Vassileva, 2003) . A learning companion agent type was chosen according to the student profile to support him in the conceptual maps navigation (Faraco et al., 2004) . CoCoA checked the consistency and quality of a course at any moment of its life and assisted course developers in some routine operations (Brusilovsky and Vassileva, 2003) . A flexible e-learning model would take into consideration the learner's knowledge state and learning preferences (Albano et al., 2006) to create personalised learning paths (Albano et al., 2007) .
Assessment adaptation is an important area and several high stakes test organisations use computerised adaptive testing techniques. In computer adaptive testing (CAT), if the examinee answers correctly a question, then the next question is harder. Otherwise, the next question is easier (e.g., Economides and Roupas, 2007) . Material for self-assessment was adapted to the needs of the individual learner (Georgouli, 2004) . The examinee's confidence in answering the question was also incorporated in adaptive testing (Lamboudis and Economides, 2004) . It would be useful for the examinee to know his current status. The amount and timing of this orientation information revealed to the examinees would be adapted to his learning characteristics (Economides, 2005b) . A CAT system on mobile devices was also developed and evaluated (Triantafillou et al., 2008a (Triantafillou et al., , 2008b .
Adaptive feedback would be provided to the examinee tailored to his needs (Economides, 2006b) . The system would try to reduce the student's fear during a test . A model to measure the student's mood during a test was proposed (Moridis and Economides, 2008a) and validated using experimental data (Moridis and Economides, 2008b) .
Adaptive communication and collaboration would support learners from diverse cultural origins (Economides, 2008c) . Other adaptation approaches considered the users preferences for informal communication and learning (Groth et al., 2007) . Adaptive tools based on teacher's model for authoring, curriculum setting, co-teaching and privileges setting, reward setting, assessment setting and information sharing setting were proposed (Lin et al., 2005) .
Although there are many studies on learner's models, learning objects and context, none provides an integrated adaptive decisions framework based on a comprehensive description of the relevant parameters. This paper tries to fill this gap by proposing adaptive pervasive and ubiquitous learning based on a holistic context model. A common framework would enable interoperability among various systems and applications.
The key ingredients of the system are the input (context), the adaptation engine and the output (adaptations). The context is explicitly described by comprehensive models of the learner's state, the educational activity's state, the infrastructure's state and the environment's state. The adaptation engine acquires input data and produces the adaptation results. Input data into the adaptation engine is the context. Output results of the adaptation engine are the adapted educational activity and infrastructure. The output would be produced either deterministically or probabilistically (Economides, 2006c) . Learning automata would be employed as probabilistic adaptation engines. The quality of the adaptation engine would be evaluated with respect to various criteria (Economides, 2007) .
In Section 2, the context is defined. Section 3 describes the phases of a context-aware adaptive pervasive and ubiquitous learning system. Section 4 presents the adaptation engine. Section 5 explicitly describes the context on which the adaptations are based. Finally, conclusions and directions for future research are given.
Context definition
We define the context to consist of the learner's state (L), the educational activity's state (A), the infrastructure's state (I) and the environment's state (E). Furthermore, every state consists of various dimensions and every dimension consists of various variables (see Section 5). During a given moment, multiple learners would perform educational activities (possibly, cooperatively and/or collaboratively) using various infrastructures in multiple environments. Thus, the full description of the context would incorporate these learners' states, educational activities' states, infrastructures' states, environments' state and their interconnections: L2L, L2A (A2L), L2I (I2L), L2E (E2L), A2A, A2I (I2A), A2E (E2A), I2I, I2E (E2I) and E2E.
3 organise and manage the context (e.g., classify it, filter it, order its variables, prioritise its variables, compare it to others and evaluate it) 4 use the context (e.g., apply it, infer from it, adapt the educational activity and/or the infrastructure, guide the learner) 5 predict future context.
A context-aware system collects information about the learner, the educational activity, the infrastructure and the environment by sensing, detecting, monitoring, tracking or measuring them. For example, vision and speech would be monitored (Porta, 2007) . After storing this raw information, the system refines it and estimates the 'true' context. The third phase is to organise and manage the context. The system would classify the context based on relevance, accuracy, validity, security and other criteria. It would filter the context to extract the most useful information for the particular educational activity. It would order the context parameters according to some criteria and priorities. It would compare the context to similar situations' context or to past situations' context for the same learner or similar learners or an average learner or an expert. The fourth phase is the usage of the context. The system would apply the context or infer from the context (for example, about the learner's performance and achievements). The system would be adapted according to the states of the learner or/and the educational activity or/and the infrastructure or/and the environment. For example, if there is not enough communication capacity, then multimedia communication would be substituted by text communication. On the other hand, the system would adapt the educational activity or/and the infrastructure to the context. For the previous example, it would buy communication capacity from other networks. Also, the system would guide the learner based on the context (for example, suggest him alternative educational material).
Finally, in the last phase, the system would predict the future context and take appropriate steps. For example, it would pre-fetch advanced educational material by predicting the learner's progress.
Adaptation engine
The adaptation engine 'reads' the context and 'produces' the adapted educational activity and the adapted infrastructure:
• adapted educational activity: A(t + 1) = Function_A(L(t), A(t), I(t), E(t))
• adapted infrastructure: I(t + 1) = Function_I(L(t), A(t), I(t), E(t)).
Thus, the educational activity is adapted to the learner, the infrastructure and the environment. Similarly, the infrastructure is adapted to the learner, the educational activity and the environment. As we will show later, the learner's state also incorporates the states of the other learners.
When an adaptation is performed at a given moment, either the most appropriate item is selected among a variety of alternatives (e.g., a more difficult question) or a real-time conversion is performed (e.g., zooming, text-to-speech, WAV-to-MP3, GIF-to-JPEG).
Let us give an adaptation example: Many explanatory adaptation examples are given in Economides (2008b) . In case the information about the context is not very accurate, probabilistic adaptation decisions would be employed. Instead of deciding definitively about the adaptations, a more soft decision would be done. For example, the adapted state of the educational activity or/and the infrastructure would be selected probabilistically among a set of candidate states (Economides, 2006c) . Multiple criteria for evaluating the quality and effectiveness of an adaptation engine are also proposed in Economides (2007) .
Context model
Having defined the Context = [L, A, I, E], let us further describe the dimensions and variables of each one of the learner's state (L), the educational activity's state (A), the infrastructure's state (I) and the environment's state (E). It is obvious that the more information is available about each state, the more accurate but complicated the model becomes.
The variables would be estimated according to the following ten ways:
1 the learner declares some variables (e.g., demographics) 2 the teacher declares some variables (e.g., learning theory) 3 the parents declare some variables (e.g., costs and pricing limits) 4 the participants collaboratively decide for some variables (e.g., assessment type) 5 others (e.g., doctors, psychologists, educators, peers, authors, school administrators, developers, manufacturers, network providers, etc.) declare some variables 6 the learner takes some pre-tests in order to evaluate some variables (e.g., learning styles) 7 some variables are transferred from other hardware and software systems (e.g., transcripts, health, weather, location and maps) 8 data mining techniques are used to extract information (e.g., favourites, device characteristics and media conversion) from online or offline databanks (e.g., social networks, government data and manufacturers) 9 the computer monitors and measures some variables (e.g., current status, emotions and feeling, results and achievements)
10 sensors track and record some variables (e.g., mobility, environmental conditions).
For example, the learner's mood during a self-assessment test would be estimated Economides, 2008a, 2008b) . Furthermore, some variables (e.g., religion) may be useful for some cases (e.g., food to avoid, schedule/holidays), but inappropriate for other cases (e.g., privacy and confidentiality).
Learner's state
We define the learner's state to consist of the following dimensions: 'demographics, education and profession, results and achievements, preferences, favourites, interests, objectives and aims, health, current biological and physiological needs, physical abilities, cognitive abilities, social abilities, cultural abilities, emotions and feelings, motivation and conation, learning styles, cognitive styles, intelligence, personality, people, time and schedule, location, mobility, restrictions and constraints, and current status' (Table 1) . Each one of these dimensions is described by many variables. Regarding cultural abilities, we adopted the models of Trompenaars and Hampden-Turner (1997) or Hofstede (1980) . The dimensions of learning styles, cognitive styles, intelligence and personality are interrelated and various models have been proposed to describe them. We choose to describe them independently adopting the Felder and Silverman (1988) or Kolb (1984) models regarding learning styles; the Gardner (1983 Gardner ( , 2006 
Educational activity's state
The educational activity (A) would be either a 45 minutes class composed from several modules (e.g., motivation, example, theory, application and discussion) or a single module. The educational activity's state is defined to consist of the following dimensions: 'identification, subject, keywords, educational level, requirements and prerequisites, technical requirements, type, participants, purpose, expected educational outcomes, learning theory, instructional design, management, content, presentation and media, sequencing, feedback, communication and collaboration, assessment, resources and connection, pricing and costs, and current status' (Table 2) . Each one of these dimensions consists of variables. Some of these dimensions and variables are fixed, some can change (being adaptable) and some can be either fixed or adaptable (depending on the design). For example, fixed variables would be declared by the authors. Attractive candidate dimensions for adaptations include the type, participants and teams, management, presentation and media, sequencing, feedback, communication and collaboration, assessment and resources. 
Content (would be adaptable)
The content of the A would vary with respect to: quantity (details), depth and difficulty; educational subject's theories (e.g., opposing scientific, art, social, political and philosophical ideas and views); language, etc.
Presentation and media (would be adaptable)
The presentation of the A would vary with respect to: format (font size, page layout, colours, etc.); media (text-based, audio-based, graphical-based, video-based, immersion-based, etc.); media quality (resolution, colours, refresh rate, sound fidelity, video frame rate, etc.); special needs persons consideration (zooming, text-to-speech, etc.) Sequencing, organisation and navigation (would be adaptable)
There would be alternative mechanisms of the content modules' sequencing, organisation and navigation: alternative menu levels; sequential (serial and inductive) path -all-at-once (global) view; short path -regular path -extended path; shortcuts; next module depends on learner's results from previous module; etc. The adaptations would be performed at the beginning of the A or 'on the fly' during its operation. Of course, it is easier to perform a single adaptation for all adaptable dimensions and variables just before the beginning of the A. However, it is more challenging, but complicated to perform adaptations during the operation of the A. For example, every time the learner answers correctly (wrongly) a question, a harder (easier, correspondingly) question would appear during assessment (Triantafillou, 2008a (Triantafillou, , 2008b . Similarly, feedback would support the learner during various steps of the A (Economides 2005a (Economides , 2006b . In order to decrease the complexity of the adaptive decision space, one would consider adaptations across only a few dimensions and variables. The dimensions of expected educational outcomes, learning theory and instructional design are interrelated and various models have been proposed to describe them. Regarding the expected educational outcomes, we choose to adopt and extend Bloom's (1956) taxonomy. Regarding the instructional design, we choose to adopt ADDIE and ICARE (Dick and Carey, 1978) models. Regarding the feedback dimension, we adopt the feedback attributes and the personalised cognitive, emotional and conational feedback types proposed by Economides (2005a Economides ( , 2006a Economides ( , 2006b . Regarding the communication and collaboration dimension, we adopt parameters proposed by Economides (2008c) .
The A is connected to other A's via the dimensions of subject, keywords, resources and current status. It is connected to learners via the dimensions of participants and teams and current status. It is connected to infrastructure and environment via the resources' dimension.
At the end of the A's operation, the learner's final results that were recorded in his current status and the A's current status are transferred to his results and achievements dimension.
Infrastructure's state
We define the infrastructure's state to consist of the following: 'devices, networks, other hardware and software resources, and other adaptable activities in the vicinity of the learner' (Table 3) . We describe each device's state to consist of the following dimensions: 'identification, type, location, schedule, availability and current status, aesthetics, input and output, user interface, software and multimedia, energy consumption, performance, connectivity to other resources, network connectivity, security, pricing and costs'. We describe each network's state to consist of the following dimensions: 'ID, availability and current status, protocols, location and topology, connectivity to other networks, bandwidth and QoS, security, pricing and costs'. Each one of these dimensions is described by many variables. For example, various pricing methods could be available (Sismanidis and Economides, 2007) . We adopt various devices parameters from Economides and Nikolaou (2008) where handheld devices were evaluated with regards to mobile learning. 
Environment's state
Finally, we define the environment's state to consist of the following dimensions: 'terrain, weather and environment's conditions, sensors, neighbours (not participating in the educational activity) and other external activities' (Table 4) . Each one of these dimensions consists of variables. 
Conclusions and future research
The paper presents a general framework for adaptive context-aware pervasive and ubiquitous learning. The mobile learner learns and performs an educational activity using various devices, networks and resources as he moves in an environment. He is supported by an adaptation engine that adapts the educational activity and/or the infrastructure. The goal is to help the mobile learner, to increase his satisfaction and learning, to decrease his limitations and restrictions in order to be unconcernedly engaged in learning. The presented framework may help designers and developers of pervasive and ubiquitous learning systems at their decisions. It may help them to identify requirements, open problems, challenges and opportunities, to share ideas and methods, to take a holistic approach in developing systems and thoroughly evaluate them. This paper formulates the adaptive context-aware pervasive and ubiquitous learning system as a system of an adaptation engine with input and output. The adaptation engine may employ deterministic or probabilistic adaptation decisions. The input to the adaptation engine is the learner's state, the educational activity's state, the infrastructure's state and the environment's state. The output is the adapted educational activity and/or infrastructure. For example, the adaptation engine may present to the mobile learner adapted content and media according to his current position and available networks. In addition, it would locate other learners in his vicinity to form a team and perform a collaborative activity.
Hopefully, this study would stimulate future research and development efforts. The ultimate goal would be the implementation of adaptation engines that use the full context and produce the full adapted educational activity and infrastructure, as presented in the context model section.
By describing each state (learner, educational activity, infrastructure and environment) by many dimensions and variables, not only the accuracy of the context is increased, but also its complexity and the requirements to collect data. A harmonious integration of all these input data is an open research problem. There should be a balance between the number of dimensions and variables, model complexity and the accuracy of the model. Furthermore, identifying the relative importance of the dimensions of each state (learner, educational activity, infrastructure and environment) is an open research problem. Similarly, identifying the relative importance of the variables of each dimension is an open research problem.
